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FOREWORD 


This  research  and  engineering  program  has  been  conducted  by  the  Fluid 
Dynamics  Directorate  of  the  Grunnnan  Research  Department,  Grumman  Aerospace  Corpor¬ 
ation,  Bethpage,  New  York,  under  Contract  No.  N62269-77-C-Q1478.  Dr.  Basil  P. 
Leftherie  was  Principal  Investigator.  The  contract  was  administered  by  the  Air 
Vehicle  Technology  Department,  Naval  Air  Development  Center,  Warminster,  Pennsyl¬ 
vania,  with  Paul  Kozel  providing  technical  liaison.  The  report  summarizes  work 
performed  during  the  period  October  1»  J-977  through  September  30 ^  2313.* 

The  test  portions  of  the  program  were  performed  by  Mr.  R.  Wigger  of  the 
Elements  and  Materials  Test  Section  under  the  direction  of  Mr.  D.  Layton. 
Inspection  of  the  specimens  was  done  by  the  Grumman  Quality  Control  Department. 

Mr.  E.R.  Ranalli  of  the  Engineering  Structural  Analysis  section  made  some 
valuable  contributions  to  the  program. 
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SUMMARY 

The  purpose  of  this  program  was  to  evaluate  the  advantages  of  dynamically  in¬ 
stalled  rivets  in  aircraft  structures.  This  was  accomplished  primarily  by  testing 
a  large  number  of  three-rivet  specimens  made  of  aluminum  alloy  202^-T8l  material 
and  riveted  with  the  Grumman  Stress  Wave  Kiveter  (SWR).  To  establish  the  suitability 
of  riveting  aircraft  structures  with  the  SWR  in  accordance  with  recent  damage 
tolerance  criteria,  each  hole  was  precracked  UBing  constant  amplitude  loading.  The 
SHR  method  of  riveting  expands  the  rivet  radially  at  high  accelerations  that 
results  in  plastic  deformation  of  the  surrounding  material.  The  process  "cold  works" 
the  material  and  leaves  compressive  residual  stresses  around  the  rivet  to  prevent 
crack  growth  under  loading. 

Precracked  specimens  riveted  with  the  SWR  were  fatigue  tested  under  both  spec¬ 
trum  and  constant  amplitude  loadings.  Spectrum  tests  were  conducted  using  a  reduced 
F-14  wing  fatigue  spectrum  which  included  both  positive  and  negative  loading 
cycles.  The  greater  part  of  the  spectrum  tests  were  conducted  with  a  net  stress  at 
limit  load  equal  to  35  ksi  (t'Ul  MPa).  Complete  arrest  of  crack  growth  was  evident 
in  all  these  tests.  Such  behavior  was  theoretically  predicted  by  calculating  the 
stress  intensity  factor  Kj.  Explicit  equations  for  the  residual  stresses  permitted 
integration  of  the  Kj  equation.  It  was  found  that  for  the  preeraek  sizes  of  0.05  - 
0.025  in.  (1.27  -  1.016  ran),  the  Kj  values  were  near  zero,  an  indication  of  no 
crack  growth. 

Other  tests  were  carried  out  at  constant  amplitude  loadings  that  supplied  crack 
growth  characteristics  of  the  specimens  riveted  with  the  SWR.  Comparison  of  the 
results  was  made  with  open  hole  and  Hi-lok  fastened  specimens. 

A  limited  evaluation  performed  to  establish  design  values  for  static,  fatigue, 
and  damage  tolerent  (precracked  structure)  ollowablf  stress  levels  indicated  a 
significant  potential  weight  saving  when  allowable  stresses  for  precracked  holes 
were  based  on  SWR-riveted  values. 

The  results  obtained  from  this  program  indicate  that  the  SWR  can  arrest  cracks 
consistently,  while  simultaneously  installing  a  relatively  inexpensive  rivet.  It 
is  recommended  that  consideration  be  given  to  the  use  of  the  SWR  process  in 
meeting  damage  tolerance  requirements  for  aircraft  structures. 
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1.  INTRODUCTION  AND  BACKGROUND 

It  has  been  known  for  some  time  that  riveted  Joints  of  aircraft  structures  are 
frequently  critical  points  where  structural  cracking  occurs.  Various  causes  were 
identified  over  the  years  that  attributed  early  failures  to  both  the  structural  de¬ 
sign  (selection  of  materials  and  design  allowables)  and  manufacturing  methods. 

Many  causes  of  structural  failure  are  hidden,  that  is,  not  identifiable  by  estab¬ 
lished  inspection  procedures.  For  example,  the  buckling  of  the  rivet  inside  the 
hole  can  not  be  seen  from  the  outside,  although  it  can  cause  uneven  load  distribution 
along  the  shank  of  the  rivet.  Other  examples  of  hidden  causes  arc  the  ovality  of 
straight  holes,  and  the  lack  of  precision  of  the  taper  holes,  that  could  not  be  con¬ 
trolled  adequately  through  inspection.  The  viscous  sealants  used  in  squeezed  riveting 
methods  also  create  serious  problems  when  trapped  hydrostatically  between  the  rivet 
and  hole,  and  then  dry  out,  leaving  voids  that  cause  fuel  leakages,  stress  corrosion 
and  galling. 

The  use  of  various  types  of  interference  fit  fastener  systems  in  aircraft  struc¬ 
tural  applications  has  been  extensive  in  recent  years,  and  a  variety  of  these  fast¬ 
eners  are  presently  available  to  the  industry.  The  advantages  obtained  by  the  use 
of  such  fasteners  lies  principally  in  the  area  of  fatigue  design.  Depending  on  the 
type  of  fastener,  the  hole  is  either  "propped”  or  "cold  worked”  or  subjected  to  a 
combination  of  these  operations,  and  as  a  result,  either  or  both  the  effective 
alternating  and  mean  stresses  in  an  applied  fatigue  loading  cycle  are  reduced,  with 
a  subsequent  improvement  in  fatigue  life. 

In  the  structural  design  of  aircraft  Joints,  all  "interference  fasteners”  do 
not  possess  a  common  remedy  for  improving  fatigue  life,  and  considerable  differences 
exist  among  fastening  systems  that:  a)  volumetrically  fill  a  hole;  b)  expand  the 
hole  radially,  resulting  in  tension  hoop  stress  and  compression  radial  stress,  and 
c)  expand  the  hole  radially  until  the  material  yields  plastically,  but  then  surround 
the  rivet,  through  elastic  recovery,  with  compressive  residual  stresses  in  both  the 
hoop  and  radial  directions.  The  most  beneficial  effects  are  those  of  (c).  To  dis¬ 
tinguish  these  ex'fects  from  others,  the  words  "cold  working"  the  hole  were  given  to 
any  method  that  left  each  hole  with  residual  compressive  stresses. 

One  system  that  requires  nonprecision  hole3,  utilizes  inexpensive  rivets,  and 
cold  works  the  holes,  leaving  compressive  residual  stresses  behind  it,  is  the  Stress 
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Wave  Riveter  (SWR)  (see  Pig.  l).  The  capacitor  bank  at  left  supplies  the  electrical 
energy  that  is  converted  to  a  stress  wave  in  the  tool.  The  black  control  box  sitting 
on  the  capacitor  bank  ensures  that  each  pulse  delivered  is  within  specifications 
for  the  particular  fastener  being  upset.  The  rivets  in  this  case  are  bucked  at  the 
tail,  the  countersunk  head  being  supported  by  a  specially  designed  bucking  bar. 

The  SWR  has  been  used  in  the  Grumaan  F-lU  since  1970,  installing  straight  pins  with 
interference  in  the  wing  box  beam,  and  also  repairing  rivets  in  the  titanium  wing 
structures.  It  was  investigated  by  the  USAF  in  1972  (Ref.  l)  where  in  fatigue 
rating  of  precracked  specimens  it  was  found  to  possess  clear  process  advantages* 
over  other  fastening  systems. 

The  SWR's  principle  of  operation  was  analyzed  both  theoretically  and  experi¬ 
mentally  (Ref  2).  Explicit  equations  to  calculate  the  biaxial  (radial  and  hoop) 
residual  stresses  were  deiived  (Ref  3)  for  SWR-installed  rivets  that  can  easily  pro¬ 
vide  the  necessary  information  in  riveting  applications  (see  Appendix  A).  The  re¬ 
sults  of  a  typical  case  are  shown  in  Pigs.  2  through  8  for  202l*-T3  aluminum.  Analyt¬ 
ical  results  were  checked  with  the  Moire'  fringe  method  (see  Ref.  h  and  Fig.  8). 
Furthermore,  results  of  fatigue  testing  of  aluminum  specimens  with  radial  cracks, 
riveted  with  the  SWR,  showed  that  cracks  of  0.05  in.  (1.25  or  less,  did  not  grow 
during  spectrum  fatigue.  Other  authors  (Ref.  5)  have  also  shown  the  advantages  of 
cold  working  the  hole,  especially  the  improvement  of  fatigue  life  where  cracks  are 
present.  The  SWR  method  combines:  a)  the  fatigue  advantages  of  cold  working 
the  hole,  b)  the  cost  advantages  in  the  use  of  ordinary  rivets  instead  of  the 
more  expensive  precision  fasteners,  c)  the  manufacturing  advantages  of  non¬ 
precision  holes  and  "forgiveness"  in  the  shop  whenever  oval  or  nonaligned 
holes  pass  Inspection  undetected,  and  d)  the  advantage  of  relaxed  inspection 
procedures. 


*The  SWR-driven  rivet  expands  radially  with  high  velocity,  cold  working  the  material 
around  it  as  it  deforms  to  the  shape  of  the  hole.  There  is  no  need  to  cold  work  the 
hole  and  then  install  a  fastener;  instead,  all  the  effort  is  combined  in  one  opera¬ 
tion  with  t:he  SWR. 
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Fig.  1  Strew  Wave  Riveter  Being  U»ed  in  Production  of  F  14  Titanium  Wing  Skint 


MATERIAL  2024-T3 


Fig.  2  Rttldual  Hoop  Strain  vt  Radial  Oiitanoa,  AR  -  0.011  Radial  Expansion 
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FI*.  8  Residual  Principal  Strain  Diitributiom,  Measured  with  tha  Moira 
Fringe  Technique  (Ref.  4),  in  a  Specimen  Riveted  with  the  SWR 
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2.  SPECIMEN  PREPARATION 

All  test  specimens  were  prepared  from  0.125  in.  (3.18  mm)  thick  sheets  of 
2024-T81  aluminum  alloy,  the  grain  running  with  the  long  dimension.  The  tensile 
properties  of  the  sheet  material  were  evaluated  and  the  results  summarized  below. 

59,200  (>408.2  MPa) 

66,900  (>461.3  MPa) 

8. >4  (in  2  in. ) 


Vp8i 

Ftu'psi 


*RA 

E,  106  psi 
Rupture  Stress,  psi 


20.8 

10.68  (73.6  MPa) 
73,300  (505. >4  MPa) 


Single  sheet  plain  open-hole  and  100  countersunk  open-hole  dog-bone  shaped 
fatigue  specimens  of  the  general  configuration  shown  in  Fig.  9  were  prepared.  A 
number  of  the  plain  open-hole  specimens  were  provided  with  fatigue  generated  pre¬ 
cracks  at  the  test  hole  edges. 

Filled-hole  specimens,  consisting  of  two  sheets  (i.e.,  a  "head"  and  "tail" 
sheet)  Joined  together  at  mid-section  with  a  single  fastener,  or  with  multiple 
fasteners,  were  prepared.  In  addition,  single  sheet  filled-hole  specimens  with 
back-up  washers  were  also  prepared.  Specimens  of  each  type  were  provided  with 
fatigue  generated  precracks  at  the  fastener  hole  edges  while  others  were  left  un¬ 
cracked.  Furthermore,  individual  two-piece  laminated  specimens  were  provided  with 
precracks  in  either  the  "head"  or  the  "tail"  sheet,  or  in  both  sheets. 

The  specimens  containing  a  single  fastener  had  a  constant  radius  reduced  test 
section  as  shown  in  Fig.  10.  The  multi  fastened  specimens  were  dog-bone  shaped  as 
shown  in  Fig.  11  and  12. 

Two  countersunk  fastener  types  were  used,  the  subject  GR501W  A-286  steel  rivets 
smd,  to  provide  baseline  data,  clearance  fit  GB510B3->4  steel  Hiloks.  The  A-286 
rivets  (3/16  in.  diameter)  were  dynamically  installed  using  the  Stress  Wave  Riveter 
(SWR ) .  A  predetermined  interference  fit  of  0.005-0.006  in.  (127-152  mm)  was  used. 
Final  hole  preparation  in  these  specimens  was  such  that  a  sliding  fit  existed 
between  rivet  and  hole  prior  to  the  riveting  operation.  The  Hilok  installations 
were  made  in  accordance  with  the  Manufacturer's  installation  procedures. 
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trolled  by  a  preprogrammed,  electronic,  load  feedback  system  utilizing  a  precali¬ 
brated  load  cell  and  a  punched  paper  tape  sequencer.  A  constant  force  fatigue 


machine  equipped  with  a  5:1  load  multiplier  and  automatic  preload  control  unit  was 
used  for  most  of  the  constant  amplitude  fatigue  work.  The  servo-hydraulic  system 
described  above  was  also  used.  The  static  loading  was  applied  with  a  universal 
testing  machine  equipped  with  an  autographic  load-strain  recorder  and  a  precali¬ 
brated  load  indicator. 

Sheets  to  be  precracked  were  initially  provided  with  0.D00  in.  (2.51*  mm) 
diameter  pilot  holes  located  at  the  positions  of  final  fastener  installation.  One 
edge  of  each  pilot  hole  was  notched  with  a  sharp  edged  tool  to  facilitate  crack 
initiation.  Crack  initiation  was  then  accomplished  in  a  direction  normal  to  the 
load  application  using  an  applied  cylic  net  stress  of  20  ksi  (138  MPa),  R  =  +0.05. 
The  cracks  were  then  extended  to  the  desired  length  using  a  net  stress  of  15 
(103  MPa),  R  *  +0.05.  The  precracked  holes  were  then  opened  up  to  a  nominal  0.189 
in.  (U.8  mm)  diameter  leaving  a  through-the-thickness  crack  measuring  from  0.025 
to  0.0U0  in.  (635-1016  mm)  from  the  hole  edge.  Extended  crack  lengths  measuring  up 
to  0.080  in,  (2,03  mm)  from  the  hole  edge  were  also  provided.  In  most  cases, 

15,000  cycles  at  20  ksi  0.38  MPa)  were  required  to  initiate  the  cricks  at  all 
three  hole  locations.  An  additional  30,000  cycles  at  15  ksi  (.103  MPa)  were 
then  required  to  extend  the  cracks  to  the  desired  lengths.  For  specimens  with 
three  precracked  holes  having  one  crack  growing  more  rapidly  than  the  others, 
a  clamp  was  applied  to  the  region  of  the  faster  growing  crack  to  retard  its 
crack  propagation  rate,  and  thus  ensure  that  all  three  precracks  had  nearly 
uni fora  lengths. 


3,  PROGRAM  OVKRV1KW 


Demonstrating  the  fatigue  advantages  of  Joints  riveted  with  the  SWR  was  the 
purj>o8e  of  the  work  performed  under  this  program,  We  carried  out  two  series  v't' 
tents:  (a)  "spectrum  fatigue  loading",  and  b)  "constant  amplitude  fatigue  loading". 

In  the  first  series  our  aim  was  to  establish  a  statistical  ’’confidence  level” 
for  arresting  cracks  in  specimens  riveted  with  the  fiWR.  For  consistency  of  results 
wo  maintained  the  Axil owing  parameters  constant: 

•  Material  -  ;Wl»-Tttl 

•  Specimen  geometry 

•  Rivets  -  3/16  in.  (H.8  nun)  diameter  made  of  AlHlb  (Orummnn  spec  UR  MM W) 

•  Radial  displacement  -  (amount  of  cold  work)  0.00b  in,  (0,1^1'  nun) 

•  Spectrum  loading  -  F— lh  reduced  (truncated  version  of  F— 1 h  wing) 

•  Maximum  precrack  siae  range  O.O.'S  -  O.OhO  in,  (0,b3!<  »  1.01b  nun) 

•  Statistical  sample  slue  -  11) 

•  Stress  at  limit  load  in  the  spectrum  -  3s  ksl  (plbt.l  MPa)  gross, 

Judging  from  the  analytical  evaluation  of  the  residual  stu esses  and  the  stress 
intensity  factor  Kj,  (calculated  from  explicit  equations  derived  in  Section  *>),  the 
cracks  were  not  expected  to  grow  during  testing,  because  the  value  for  cracks 
0.005  -  O.OU  i’  (0.63  -  1,01b  mm)  was  near  »ero.  Indeed,  the  test  results 
showed  that  there  was  no  crack  growth  after  04,000  hours  of  F-l4  simulated  flight 
(the  K— lU  expected  life  is  6000  hours).  Statistically,  therefore,  the  results 
present,  assurance  that  under  the  conditions  stated  the  cracks  will  be  arrested. 

To  establish  the  extent,  to  which  cracks  could  be  arrested,  three  addit  ional 
specimens  were  tested  at.  4;>  ksi  (110  MPa).  They  survived  without  crack  growth 
to  60,000  F-l4  simulated  hours.  In  one  of  the  specimens,  crack  propagat  ion  did 
develop  and  failure  occurred  at  67,000  hours. 
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The  complete  matrix  of  specimens  tested  under  the  same  conditions  stated  for 
Bpectrum  fatigue  is  given  in  Table  1  below: 


TABLE  1  TEST  MATRIX:  SPECTRUM  FATIGUE  LOADING 


SPECIMEN 

TYPE/FASTENER 


CONTROLS 
(SINGLE  SHEET) 


Constant  amplitude  tests  were  carried  out  in  the  second  series.  Crack  propaga¬ 
tion  rates  were  observed  closely  for  comparison  between  precracked  specimens  riveted 
with  the  SWR  and  precracked  specimens  riveted  with  Hi-loks  or  with  open  holes.  In 
addition,  specimens  with  a  single  precracked  hole  and  a  single  sheet  were  tested  for 
comparison  with  the  standard  three-hole,  two-sheet  specimens.  The  test  matrix  for 
these  tests  is  presented  in  Table  2. 

Additional  specimens  were  tested  with  both  sheets  cracked,  or  either  the  rivet 
head  sheet  or  the  rivet  tail  sheet  cracked,  to  find  any  effects  in  fatigue  life  at¬ 
tributable  to  the  geometry  of  the  specimens.  None  was  round.  Finally,  tests 
were  carried  out  with  a  three-hole  single-sheet  configuration,  with  a  washer  attached 
to  each  hole  and  riveted  with  the  SWR  to  eliminate  the  carry  through  load  of  the 
second  sheet  during  loading,  while  maintaining  the  local  effects  of  the  second 
sheet.  An  engineering  analysis  of  the  crack  propagation  results  is  given  in  Section 
6.  The  Kj  values  are  estimated  from  the  constant  amplitude  load  fatigue  curves 
and  compared  with  the  KT  values  derived  theoretically  in  Section  5*  Furthermore , 
a  simulated  F-lU  lower  wing  cover  is  analyzed  with  damaged  tolerance  criteria. 

The  resultB  are  tabulated  (Table  6)  showing  the  weight  penalties  with  several 
fastener  methods,  including  the  SWR  method  evaluated  in  this  program.  In  Section 
7»  the  results  of  the  program  are  summarized  and  briefly  discussed. 
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TABLE  2  TEST  MATRIX:  CONSTANT  AMPLITUDE  FATIGUE  LOADING 


SPECIMEN  TYPE 

DESCRIPTION 

SPECIMEN  QUANTITY 

CONTROLS 

A.  PRECRACKED  OPEN-HOLE 

3 

(SINGLE  SHEET) 

STRESS  WAVE 

A.  TWO-PIECE  LAMINATED 

DRIVEN  RIVETS 

(SINGLE  FASTENER) 

(GR501W) 

(1)  NO  PRECRACK  IN  EITHER  SHEET 

3 

(2)  PRECRACKED  "HEAD"  SHEET  ONLY 

3 

(3)  PRECRACKED  IN  BOTH  SHEETS 

3 

B.  TWO-PIECE  LAMINATED 

(MULTIPLE-FASTENER) 

(1)  PRECRACKED  "HEAD"  SHEET  ONLY 

3 

(2)  PRECRACKED  ‘TAIL"  SHEET  ONLY 

#» 

C.  SINGLE  PRECRACKED  SHEET  WITH  WASHERS 

(MULTIPLE  FASTENERS) 

4 

CLEARANCE  FIT 

A.  TWO-PIECE  LAMINATED  WITH  PRECRACKED 

GB610B3-4 

"HEAD"  SHEET  ONLY  (MULTIPLE  FASTENERS) 

3 

STEEL  HILOKS 

1136-023W 
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4.  FATIGUE  TESTING 

SPECIMEN  TESTING 

Specimens  were  examined  prior  to  testing  to  establish  hole  surface  finish  and 
pre-crack  length  but  standard  inspection  techniques  were  generally  found  to  le  un¬ 
satisfactory  due  to  the  small  size  of  the  hole. 

4 

The  initial  crack  length  was  therefore  measured  visually  with  the  specimen 
under  load,  prior  to  the  rivet  installation.  A  sampling  of  specimens  was  also 
subjected  to  post-failure  metallurgical  examination  to  establish  initial  crack 
lengths.  After  testing,  a  sawcut  was  made  along  the  crack  axis  from  left  to 
right,  up  to  the  end  of  the  vertical  tool  marks.  The  specimen  was  then  pulled  to 
failure  in  a  tensile  test  unit,  failing  at  the  zone  of  random  fine  structure  in  the 
center  of  the  picture.  The  vertical  band  at  the  edge  of  the  hole  is  the  crack  placed 
in  the  specimen  before  fatigue  testing.  An  example  is  provided  by  Fig.  13  which 
shows  a  sectional  view  of  a  pre-cracked  specimen  broken  statically  after  spectrum 
fatigue  testing  for  2U000  equivalent  flight  hours  without  failure.  The  initial  crack 
length  was  0.04  in.  (1.01  mm)  in  this  case. 


Figure  14  shows  a  pre-cracked  specimen  that  was  tested  to  failure  in  spectrum 
fatigue.  This  specimen  failed  at  26000  equivalent,  flight  hours  at  a  net  limit  load 
stress  of  Uo  ksi,  with  a  pre-crack  length  of  0.07  in.  (1.77  mm).  Subsequent  crack 
growth  from  the  initial  pre-crack  shown  in  Fig.  14  is  typical  of  these  test  speci¬ 
mens  . 

Figures  15  and  16  show  the  test  setup  and  visual  crack  growth  monitoring  using 
a  telescope.  Specimens  were  prevented  from  buckling  by  the  use  of  a  stabilization 
frame.  All  tests  were  conducted  in  a  laboratory  air  environment. 

STRESS  WAVE  RIVETING 

The  SWR-driven  rivets  were  of  F-1^4  production  quality.  Drilling  and 
riveting  was  done  under  accepted  Grumman  manufacturing  procedures.0 


^Manufacturing  Technology  MBPS  15000-066 
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STATIC  LOAD 


U  36-01 3W 


Fig.  13  Section  View  of  Precracked  Specimen [0.040  In.  (1.01  mm)  Crack]  with  No 
Subsequent  Growth 


Fig.  14  Saction  Viaw  of  Precracked  Specimen  [0.070  In.  (1.77  mm)  Crack]  with 
Subsequent  Growth 
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Rivet  installation  with  the  SWR  was  performed  using  the  latest  manufacturing 
standards.  The  holes  were  drilled  with  a  tolerance  of  0.0015  in.  (0.0381  non). 

Such  tolerances  are  accepted  routinely  in  aircraft  manufacturing  at  Grumman,  since 
drilling  is  accomplished  with  automated  machines.  The  rivets  were  first  installed 
with  a  snug  fit,  prior  to  riveting.  Then  they  were  upBet  using  the  SWR  (SWR  setting 
of  7.5  kv  which  produces  0.006  in.  (0.152  mm)  radial  displacement).  In  practice, 
this  procedure  prevents  gaps  under  the  prefabricated  head  and  provides  more  uniform 
cold  working  of  the  hole.  Furthermore,  a  slightly  domed  rivet-set  was  used  in  the 
bucking  bar  side  to  expand  the  prefabricated  rivet  head.  This  technique  is  espe¬ 
cially  beneficial  with  GR501W  rivets  which  are  made  with  a  slightly  domed  head.  A 
flat  set  was  used  in  the  SWR  tool  side  (rivet  tai?.). 

Thd  SWR  method  of  riveting  is  capable  of  accepting  considerable  variation  in 
hole  tolerances  ("forgiveness”)  as  was  discussed  earlier.  In  this  program,  how¬ 
ever,  the  purpose  was  to  establish  its  capabilities  under  existing  manufacturing 
procedures . 


5.  DESCRIPTION  OF  Kj  CALCULATION  METHOD 

INTRODUCTION 

Whenever  a  crack  appears  in  a  atress  field,  there  is  a  redistribution  of 
stress  near  the  crack  tip  that  permits  the  transmission  of  the  remotely  applied 
force  through  the  tip  region  (Ref  6).  The  remotely  applied  forces  affect  only 
the  intensity  of  the  stresses  near  the  tip,  but  not  their  distribution.  The  stress 
intensity  factor  Kj*  therefore,  represents  the  amplitude,  or  coefficient,  of  the 
equation  of  the  stress  distribution  near  the  crack  tip.  The  stress  intensity  fac¬ 
tor  can  also  be  seen  as  a  limiting  case  of  the  stress  concentration  factor,  K^,  for 
an  elliptical  hole.  , 

The  need  to  know  the  stress  intensity  factor  (Kj)  in  predicting  the  fatigue 
life  of  structural  components  is  well  known.  With  the  extensive  use  of  residual 
stresses  in  riveted  Joints,  new  methods  are  required  to  calculate  the  stress  in¬ 
tensity  factors  which  relate  the  crack  length,  remote  loading,  local  loading,  ana 
structural  geometry. 

Grandt  (Ref  7)  and  Impellizzeri  (Ref  8)  used  the  method  of  linear  superposi¬ 
tion  to  relate  local  and  remote  loadings.  Both  used  a  weight  function  similar  to 
the  one  developed  by  Bueckner  (Ref  9)  for  evaluation  of  the  integral  that  gives  the 
values  of  Kj.  In  addition,  both  used  a  series  expansion  to  relate  the  edge  crack 
equation  to  a  single  crack  emanating  radially  from  a  rivet  hole.  Finally,  both 
used  numerical  integration  to  evaluate  the  Kj  integral. 

In  the  evaluation  of  stress  intensity  factors  of  holes  with  cracks,  and  resid¬ 
ual  stresses  due  to  SWR-driven  rivets,  we  used  the  Bueckner  function,  the  explicit 
equations  for  residual  hoop  stress  distribution  given  in  Appendix  A,  and  a  func¬ 
tions  suggested  by  Impellizzeri,  which  corrects  for  the  hole  and  edge  distance 
geometry  in  each  application. 
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STRESS  INTENSITY  EQUATIONS 

The  stress  intensity  factor  in  a  hole  riveted  vith  the  SWR  and  loaded  at  in¬ 
finity  can  be  found  through  the  principle  of  superposition. 

S 


ram 


^1  "  ^residual  stress  +  ^load 


Kload  *s  given  by  the  equation 


Kload  "  We 


where,  $. 


Bowie 


m*oosw  S 


,« r  0,6733 *-  +  0.6762 
0.32H5  +  1 


where  "c"  is  the  crack  length  and  "R"  is  the  hole  radius.  The  stress  intensity  fac¬ 
tor  (Kj)  was  derived  analytically  by  integrating  the  following  equation: 


residual  stress 


o(x)M(x)dx 


where  resilual  stresses  (Ref.  8) 


t(x)  »  a  +  Bln 

Rq 


M(x).^+Miiil(c.i:)l/2+M|22(c.x)3/2>  (! 

y  c  -  x  c  c 

c 

a  weight  function  suggested  by  Bueckner.  (Ref.  9)  The  geometry  of  the  crack  and 
the  hole  are  shown  below 


where  R  ■  a  general  position  in  the 
stress  field 


ms-oo4w 


I 
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The  various  parameters  are 


and 

y  •  (AP)R2 

where 


F  «  radial  displacement  (amount  of  cold  work) 
o  ■  yield  stress  of  the  material 

y 

E  «  Young* 8  modulus 


(6) 

(7) 

(8) 

(9) 


n  *  Poisson's  ratio 

b  ■  edge  distance  or  10R,  whichever  is  least 


where  the  subscript  1  refers  to  the  material  around  the  rivet  and  subscript  2 
refers  to  the  rivet  material, 

2  3  4 

■  1  -  0.64U9  (•§■)  +  0.8964  -  0.732t(-£-)  +  0.3335  ^.)  (11) 

$0  is  a  correction  factor  for  the  effect  of  finite  width. 
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Integration  of  Eq  (3)  results  in 


Restrictions;  The  maximum  crack  size  that  the  above  equations  can  be  used  with  is 
c  c 

<  1.  For  >  1,  there  is  an  error  due  to  the  divergence  of  a  logarithmic  series 
introduced  in  the  integration. 

K  CALCULATIONS 

The  compressive  residual  stress  distributions  for  0.006  in.  (0.152  mm)  radial 
displacement  were  calculated  for  3/io  in.  (4.82  mm)  holes  and  2024-T81  material. 

The  results  are  given  in  Figs.  17,  18  and  19*  The  dimensionless  radius  is  the  ra¬ 
tio  of  (Rq/R)  «  'Kofe^radTus" " C ~  ’  The  significance  in  the  plots  is  that  the  bi¬ 
axial  compressive  field  (cold  work)  extends  up  to  RQ/R  “  2.4  (see  Fig.  19),  This  is 
dependent  on  the  radial  displacement  which,  in  this  program,  was  maintained  constant 
at  0.006  in,  (0,152  mm).* 

The  Kj's  were  calculated  from  Eqs.  (2)  and  (12)  using  a  computer.  The  results 
are  shown  in  Figs,  20,  21  and  22,  In  each  figure  there  are  two  plot  lines:  the 
upper  graph  corresponds  to  the  Kj  without  residual  stresses,  and  the  lower  corres¬ 
ponds  to  the  Kj  with  residual  stresses.  Considerable  reduction  in  the  value 
of  the  residual  stress  case  is  shown  in  Figs.  20  and  21. 


*In  this  program  the  radial  displacement  was  chosen  first  before  the  fatigue 
evaluation  of  the  specimens.  In  design  analysis  the  fatigue  requirements  will 
determine  the  radial  displacement.  Further  discussion  on  this  approach  is  given 
in  Section  6, 
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Fig.  17  Dhtnbutton  of  RaaMual  Hoop  Strain  of  2024-T81  Aluminum  Spaciman 
SWR  R  Nat  ad  with  3/16  In.  (4.63  mm)  Diamatar  A -266  Rlvat  with  0.00( 
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Fig,  18  Diitrlbution  of  Raaidual  Radial  Straw  of  2024-  T81  Aluminum  Spaciman 
SWR  Rhmtad  with  3/16  In.  (4.83  mm)  Dlamatar  A-288  Rlvat  with  0.006 
In.  (0.162  mm)  RadiJl  Displaoamant 
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6.  FATIGUE  CRACK  PROPAGATION 

CONSTANT  AMPLITUDE  TESTS 

A  group  of  twenty-five  specimens  were  subjected  to  constant  amplitude  fatigue 
loading,  in  order  to  obtain  some  basic  data  on  the  growth  of  cracks  at  holes  con¬ 
taining  rivets  driven  with  the  Stress  Wave  Riveter  (SWR).  All  of  these  specimens 
were  made  of  202t-Tfll  aluminum  sheet,  having  a  test  section  1.50  in.  (38.1  mm;  wide, 
1/8  in.  (3.18  mm)  thick,  with  central  3/16  in.  (*4.83  mm)  fastener  holes.  Some  speci¬ 
mens  had  single  fastener  holes  in  the  test  section  (see  Fig.  10),  and  others  had 
three  in-line  fastener  holes  in  the  test  section  (see  Fig.  11).  Four  of  the  speci¬ 
mens  were  tested  without  initial  cracks,  with  the  remainder  having  through-the- 
thickness  radial  precracks  at  each  fastener  hole.  The  initial  crack  lengths  ranged 
from  0.020  in.  (0.51  mm)  to  O.OhO  in.  (1.02  mm).  All  of  the  tests  were  run  at  a 
maximum  gross  stress  of  30.6  ksi  (211  MPa),  and  a  BtreaB  ratio  (R)  of  +0.05  in  a  lab¬ 
oratory  air  environment.  The  results  of  all  the  constant  amplitude  fatigue  tests  are 
summarized  in  Table  3. 

A  control  group  of  three  specimens  having  precracked  open  holes  were  tested  and 
found  to  have  an  average  life  of  3130  cycles.  Next,  fifteen  specimens  having  pre¬ 
cracked  holes  containing  SWR-driven  rivets  were  tested,  and  the  fatigue  crack  propa¬ 
gation  life  increased  to  values  ranging  from  77,000  to  200,000  cycles,  a  factor  of 
between  25  and  65.  The  average  increase  in  life  for  all  the  precracked  SWR  speci¬ 
mens  is  a  factor  of  1*5 . 

Most  of  the  test  articles  containing  SWR-driven  rivets  consisted  of  two  3/8  in. 
(3.18  mm)  sheets  fastened  together.  There  was  no  significant  difference  in  life  be¬ 
tween  specimens  having  single  fasteners  in  the  teBt  section  and  those  having  three 
in-line  fasteners.  Specimens  were  tested  in  the  following  three  categories:  precracks 
in  head  sheet  only;  precracks  in  the  tail  sheet  only;  and  precracks  in  both  head  and 
tail  sheets.  No  significant  difference  in  life  was  observed  between  these  configura¬ 
tions.  The  SWR  installation  method  effectively  retards  crack  growth  in  both  the  head 
and  tail  sheets.  However,  when  both  sheets  were  precracked,  failure  always  occurred 
in  the  head  sheet. 
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TABLE  3  SUMMARY  OF  CONSTANT  AMPLITUDE  FATIGUE  DATA 
3/16  IN.  DIA  FASTENER  HOLES  IN  2024-T81  SHEET 


PtmTm 
fMaiw  (Me. 

imtiei 

(In.) 

£5. 

Mm.  Orttt 

Cycle* 

"  Na. 

Stott 

Stott 

Ik#) 

(toil 

Fetor* 

Csmmtnti 

Open  Hoi* 

P2-17 

0026 

35.20 

30.74 

3000 

• 

Significant  growth  at  ail  thrt*  hoi**. 

Sin#.  JhM. 

0.030 

Failure  at  bottom  holt.  ! 

Frecreck* 

0.030 

P2-22 

0.040 

36.10 

30.66 

3100 

Significant  growth  at  ail  thrt*  hoi**. 

0.036 

0.040 

Failure  at  middle  hoi*.  I 

P2-20 

0.030 

35,00 

30.67 

3300 

Significant  growth  at  all  thrt*  hoi**. 

0.026 

0.026 

Failure  at  top  hoi*. 

A«*ftf* 

3130 

mm 

Ay-2 

0 

35.00 

30.67 

296,000 

All  crack  growth  occurred  in  "toed"  ih**t. 

2  Sheets 

A-1 

0.202 

0.206 

0 

34.90 

30.39 

260,000 

Mo  Free  recks 

A4 

0.206 

0,206 

0 

34.90 

10.49 

169,000 

Failed  vie  Initiation  at  location  other  than  at 

Hnfto  P«m>  (Fit.  10) 

A-2 

0.206 

0206 

0 

3500 

30.67 

149,000 

teat  hoi*. 

Average 

223,800 

mm 

AK-1 

0.201 

0.204 

0.030 

36.00 

30.67 

190,000 

Failed  via  Initiation  at  location  other  than  at 

2  th— u 

AK-2 

0.201 

0.203 

0.040 

35.00 

30.57 

121,000 

precreckcd  t**t  hole.  No  significant  crack 

Precracked  Meed  Stoat  Only 

growth  In  toad  Stott. 

Sin#*  Fnmw  (Fi*.  10) 

AK*3 

0.200 

0.203 

0.026 

36.00 

30.67 

139,000 

All  crack  growth  occurred  in  ‘'precrecked" 

toadstool. 

Average 

162,670 

SWfl 

AKK-4 

0.200 

0.202 

0.040 

34.90 

30.46 

103,600 

All  crack  growth  occurred  In  “toad  stoat" 

2  Sheets 

AKK-e 

0.200 

0.203 

0.016 

34.90 

X.4S 

166,200 

only.  No  significant  growth  In  "tail  >to*t". 

Both  Sheen  Precrecked 

Single  F**ten*r  (Fit  10) 

AKKS 

asoi 

0.204 

0.040 

36.00 

30.57 

194.000 

Failed  via  initiation  at  sit*  other  than  pre¬ 
crack.  No  significant  growth  of  either  Creek. 

Anwijg 

161.230 

«*fl 

FJ-23 

0.199  T 

0.202 

0.010 

14.90 

XUS 

204,300 

All  crack  growth  In  toad  sheet,  «t  middle 

2  Sheets 

0.200  M 

0203 

0.026 

fastener.  No  significant  growth  at  other 

Precrecked  Head  thmt  Only 

2  IrvUn#  F*Nmn  (Fit  Hi 

c  its  t 

0.201 

0,026 

listeners. 

F2-24 

0.201  T 

0203 

0.019 

34.20 

29.97 

126,000 

Alt  powth  at  and  fastener.  Seed  stoat  only. 

0.200  M 

0203 

0.040 

No  significant  growth  at  other  fastener*. 

0.201  • 

0202 

0/S6 

F2-27 

0.201  T 

0.204 

0.020 

34.90 

30.39 

151,600 

All  crack  growth  In  toad  stoat,  at  middle 

0.201  M 

0203 

0026 

fastener.  No  significant  growth  at  other 

0.200  ■ 

0.203 

0026 

fasteners. 

Average 

•  160,300 

mm 

F2-16 

0.199  T 

0.203 

0.020 

34.90 

30.4C 

121,600 

Crack  growth  occurred  both  in  the  "tail"  and 

2«hOTtf 

0.201  M 

0.206 

0.030 

"toad"  sheets  et  different  location*.  Failure 

PmM  T*il  Sheet  OrUy 

3  IfvUn*  Fastener*  (Fit  1 1 1 

0  203  B 

0206 

0026 

at  middle  fastener  of  "tall"  stoat. 

F2  2t 

0.200  T 

0204 

0026 

34.90 

30.49 

194,600 

Failed  via  initiation  at  location  other  than 

0.19#  M 

0.206 

0.040 

precracked  hole. 

0.119  • 

0.206 

0.026 

P2-29 

0.200  T 

0.206 

0026 

36.00 

30.67 

140,900 

Significant  crack  growth  occurred  both  In 
"tall"  and  "toad"  stoats  at  different  fas- 

0.202  M 

0208 

0030 

0.199  B 

0.204 

0.026 

tener  locations.  Failure  at  middle  fastener  of 
"teir  sheet. 

Awr^t 

•  149,000 

SWH 

F221 

0.199  T 

0.211 

0.026 

36.40 

30.92 

89,700 

Ail  crack  growth  at  top  fastener.  No  growth 

Single  Sheet  wfttr  Beck- Up 

0.200  M 

0.207 

0030 

at  other  fasteners. 

Washers  (No  Toil  Stott) 

0.200  B 

o.ra 

0026 

Precrecked 

3  In- Una  Fastener*  (Fit  12) 

P2-40 

a  190  T 

0.207 

0.040 

36.40 

30.92 

116,600 

All  growth  middle  fastener.  No  growth  at 

0.200  M 

0.209 

o.ass 

other  fasteners. 

0.199  9 

0.206 

0.036 

F2-42 

0  .199  T 

0.206 

0.026 

36.60 

31.00 

77,000 

All  growth  at  middle  fastener.  No  growth  at 

0.199  M 

0207 

0.030 

other  fasteners. 

0.199  B 

0.7M 

0.030 

Avtrtt* 

•  94,070 

SlMl  HI4o!m  (clearance  fit) 

F24 

0040 

36.10 

10.99 

4860 

All  era  k  growth  at  bottom  fastener.  No 

2  th—H 

maKtw)  H—a  S tw  Only 

3  In.UfW  F«ttn«t  (Fig.  It) 

0.030 

0.040 

significant  growth  at  other  fasteners. 

6700 

All  crack  growth  at  bottom  fastener.  No 

P2-9 

0036 

36.10 

30.66 

0.030 

0.030 

significant  growth  at  other  fastener*. 

P2-11 

0.026 

36.00 

30.67 

6060 

All  crack  growth  at  bottom  fastener.  No 

0.026 

0.030 

significant  growth  at  other  fastener*. 

UJt’Uzm 

Awtgt 

-  6630 
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A  group  of  three  specimens,  consisting  of  single  sheets  with  precracked  holes 
containing  SWR-driven  rivets  backed  up  with  washers,  were  tested.  This  group  had 
an  average  crack  growth  life  of  9^*070  cycles,  about  6ojC  of  the  average  life  of  the 
double  sheet  specimens.  The  reason  for  this  is  not  clear.  It  was  initially  con¬ 
sidered  that  in  the  double  sheet  configuration,  load  transfer  from  the  cracked  to 
uncracked  sheets  could  possibly  extend  its  life.  However,  when  both  head  and  tail 
sheets  were  precracked,  the  resulting  life  was  nearly  identical  to  the  case  where 
only  one  of  the  two  sheets  was  precracked.  The  double  sheet  specimens,  having  only 
one  of  the  sheets  precracked,  did  exhibit  longer  critical  crack  lengths  than  the 
single  sheet  specimens,  indicating  that  some  unloading  of  the  cracked  sheet  at  the 
large  crack  lengths  (greater  than  0.20  in.  or  5.1  mm)  occurred.  However,  the  crack 
propagation  life  at  large  cracks  lengths  is  very  short,  and  therefore,  insignificant. 

Comparison  of  the  uncracked  fatigue  life  (12,000  cycles.  Ref.  3,  Fig.  20) 
for  the  open  hole  configuration  with  the  uncracked  fatigue  life  for  specimens 
with  SWR  fasteners,  which  averages  223,500  cycles  (see  Table  3),  indicates  a 
factor  of  19  increase  in  life  for  the  SWR. 

Crack  propagation  analysis  was  performed  for  the  open  hole  specimens  ,  and  is  pre¬ 
sented  in  Fig.  23  along  with  test  data  for  three  specimens.  The  agreement  between 
analysis  and  test  here  is  excellent  .  Next,  crack  length  versus  cycles  test  data  for 
single  and  double  sheet  specimens  with  SWR-driven  rivets  is  presented  in  Figs.  2h  and 
25 ,  respectively .  By  comparing  the  test  data  with  the  open  hole  crack  propagation  anal¬ 
ysis,  it  is  seen  that  the  crack  propagation  life  is  increased  on  the  average  by  fac¬ 
tors  of  30  times  for  single  sheet  specimens,  to  50  times  for  double  sliest  specimens 
by  the  installation  of  rivets  with  the  SWR.  In  addition,  test  data  for  specimens 
with  clearance  fit  Hi-Loks  are  also  shown  in  Fig.  25.  and  it  is  observed  that  they 
increase  the  specimen  life  over  the  open  hole  configuration  by  a  factor  of  about  two. 

A  crack  propagation  analysis  of  a  cracked  hole  having  an  SWR-driven  rivet  was 
attempted,  utilizing  the  stress  intensity  solution  developed  in  Section  5.  However, 
the  solution  (see  Fig.  2l)  indicates  that  under  an  applied  gross  maximum  stress  of 
30.6  ksi  (35,0  ksi,  net),  the  stress  intensity  is  reduced  to  a  level  below  the  threshold 
Btress  intensity  («3.0  ksi  J  in. ) .  Hence,  no  crack  growth  should  occur.  Since  crack 
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Fig.  23  Constant  Amplitude  Crack  Propagation  (Opan  Hole) 


Fig.  24  Constant  Amplitude  Crack  Propagation  (Stress  Wave  Rivet) 
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SYM 

SPICIMKN 

NO. 

FASTENER 

c« 

(INCHES) 

s 

AKK-6 

SWR 

0.016 

AK-3 

SWR 

0.025 

AKK-4 

SWR 

0.040 

9 

P2-18 

HI-LOK 

0.030 

A  J 

P2-9 

HI-LOK 

0.030 

n 

P2-6 

HI-LOK 

0.040 

smax"30'67  k"  (GROSS) 
R  -  +  0.06 


i_U  j 

'1.60  IN. 


,  3/16  IN.  DIA.  HOLE  WITH  SWR  O 

O 


DOUBLE  SHEET 
SPECIMEN 


0  20  40  80  80  100  120  140 

1134  03 7W _ CYCLES  ~  1000 _ 

Fig.  25  Conitant  Amplitude  Crack  Propagation  (Straw  Wave  Rivat) 
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growth  did  occur,  it  was  decided  to  backfigure  the  stress  intensity  from  the  fatigue 
crack  propagation  rates,  iu  the  same  manner  as  Anderson  and  James  (Ref.  11)  and  Grant 
and  Hinnericks  (Ref.  5).  The  result  of  this  analysis  is  presented  in  Pig.  26,  where 
it  is  noted  that  the  general  trends  exhibited  by  the  theoretical  analysis  are  found, 
but  that  the  slope  of  the  test-data-derived  stress  intensity  as  a  function  of 
crack  length  is  different.  The  methods  yield  K*s  that  are  significantly  different 
across  the  range  of  crack  lengths  considered  with  the  backfigured  results  being 
the  more  credible.  The  theoretical  analysis  attempted  here  will  require  further 
development  as  discussed  later  in  this  report. 

The  installation  of  rivets  with  the  SWR  produces  a  residual  stress  field  that 
retards  the  crack  propagation  rate  at  large  distances  from  the  hole.  For  example, 
the  retarded  growth  extends  out  to  a  distance  greater  than  three  radii,  as  can  be 
seen  by  examining  Pig.  26.  Previous  studies  with  coldworked  holes  (Refs.  5  and  10) 
indicate  that  the  retarding  effect  on  crack  propagation  disappears  at  a  crack  length 
to  radius  ratio  (C/R)  of  about  two.  The  importance  of  this  effect  is  that  the  SWR 
should  be  able  to  retard  the  crack  propagation  rates  with  longer  initial  crack 
lengths,  than  can  be  done  by  other  fastener  hole  treatments. 

SPECTRUM  TESTS 

A  series  of  tests  were  performed  under  fatigue  spectrum  loading.  The  test  ar¬ 
ticles  are  identical  to  the  previously  described  constant  amplitude  specimens,  ex¬ 
cept  that  they  are  2.0  in.  (50.8  mm)  wide  instead  of  1.5  in.  (38.1  mm).  The  applied 
fatigue  spectrum  is  a  block  fighter  wing  spectrum  obtained  from  Ref.  12,  where  each 
block  represents  100  flight  hours  with  loads  arranged  in  a  low-high-low  sequence. 

The  spectrum  is  presented  in  Table  U.  Fifty-three  specimens  were  tested,  and  a  sum¬ 
mary  of  these  test  results  is  presented  in  Table  5. 

A  crack  propagation  analysis  was  made  for  a  cracked  open  hole  under  fatigue 
spectrum  loading  at  a  gross  limit  stress  of  31.68  ksi  (218.3  MPa),  which  in  this  case 
is  equivalent  to  a  net  limit  stress  of  35.0  ksi  (2^1  MPa).  The  analysis  is  presented 
along  with  test  data  in  Fig.  27,  where  good  correlation  is  shown.  For  an  initial 
crack  length  (CQ)  of  0.035  in.  (0.89  mm),  the  analysis  is  conservative  by  about  15$. 
The  Grumman  crack  closure  model,  as  described  in  Ref.  13,  was  used  to  make  the  crack 
propagation  prediction  shown  in  Fig.  27,  and  all  subsequent  predictions.  Analytical 
predictions  and  test  data  for  cracked  open  hole  specimens  over  a  range  of  applied 
limit  stresses  are  presented  in  Fig.  28,  where  it  is  noted  that  the  analysis  is  ac¬ 
curate  for  test  data  shown.  Also  shown  are  test  data  and  predictions  for  open  hole 
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TABLE  4  M4  WING  SPECTRUM  -  15  LAVERS* 


O*  Max 

&  Min 

Cycles 

Levels 

Layer 

&  Limit 

O1,  Limit 

100  flights 

1 

1  • 

0.26 

0.12 

500. 

2 

2 

0.36 

0.12 

50. 

3 

3 

0.4l 

-0.18 

1. 

4 

4 

o.4i 

-0.10 

14. 

5 

5 

0.4l 

-0.03 

35. 

6 

6 

o.4i 

0.05 

100. 

7 

7 

0.47 

0.12 

200. 

8 

8 

0.53 

0.12 

150. 

9 

9 

o.6o 

0.12 

70. 

10 

10 

0.68 

0.12 

90. 

11 

n 

0.77 

0.12 

25. 

12 

12 

0.84 

0.12 

10. 

13 

13 

0.92 

0.12 

4. 

14 

14 

0.98 

0.12  • 

1. 

15 

15 

1,04 

0.12 

1. 

16 

14 

0.98 

0.12 

1. 

17 

13 

0.92 

0.12 

3. 

18 

12 

0.84 

0.12 

10. 

19 

11 

0.77 

0.12 

25. 

j  l0 

10 

0.68 

0.12 

90. 

!  .93. 

9 

0.60 

0.12 

70. 

j,  ^ 

8 

0.53 

0.12 

150. 

23 

7 

0.47 

0.12 

200. 

:  24 

6 

o.4l 

0.05 

100. 

25 

5 

o.4l 

-0.03 

35. 

26 

4 

o.4\ 

-0.10 

13. 

27 

3 

o.4i 

-0.18 

2. 

28 

2 

0.36 

0.12 

50. 

29 

1 

0.26 

0.12 

500. 

(ccv 

'ponding  to  LIMIT  Stress/Load)  = 

1.00 

##  Designation 

used  in  fatigue 

analysis  computer  programs 

*  Ref .  NADC  -76383  -  30,  (Ref. 

12) 

• 

Note  i 

100  fl-' 

hour  block 

or 

100  flights  arranged  in  ! 

lovr~hi>- 

ov  order. 

This 

-ctrvua  is  reduced 

from  212  layers  by 

equivalent 

exceedances. 
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TABLE  S  SUMMARY  OP  SPECTRUM  PATIQUE  DATA  POR  DYNAMIC  \LLV  INSTALLED  3/16  IN.  DIA  A-286 
INTERPERENCE  PIT  PASTENER8  IN  2024-T81  ALUMINUM 


Tys®  Isstiisss 

fmt«i 

Initial 

Mat 

(tmuUwd 

Comments 

N*. 

Fun**  04. 

Cr**k 

Limit 

Plight  Hn 

H**4  (ht/TaU  (hi 

(tram 

To  Ftllur* 

K(l 

•  OptnHot* 

OH-1 

46 

6,800 

Failure  at  middle  hole.  Signi- 
1  icent  growth  at  top  hole.  No 

•  0.180  in.  0  in  2.0  in. 

significant  growth  et  bottom 

MM*  tempi* 

hole. 

•  Thr**  Hot** 

OH-2 

404 

11,400 

Failure  at  top  hole,  No  Signify 

In  >tin« 

cant  growth  at  other  holes. 

•  Countanunk 

0OH-9 

46 

6,000 

Failure  at  top  hole.  Significant 

op*nhol* 

growth  at  all  three  holes. 

•  0.1(9  In.  0  in  2.0  In. 

COH-10 

46 

5,600 

Failure  at  middle  hole.  No 

MM*  Samp!* 

significant  growth  at  other 
holes. 

•  Thr**  Ho4*t 

COH  1 

40 

8,800 

Failure  at  top  hole.  No  signifi- 

In-Lin* 

cant  growth  at  other  holes. 

COH-3 

40 

10.100 

Failure  at  middle  hole.  No 
significant  growth  at  Other 
holes. 

COH -2 

32 

31,500 

Failure  at  top  hole.  No  growth 
at  other  holes. 

COH-6 

32 

32,600 

Failure  at  bottom  hole.  No 
growth  at  other  holes. 

•  Precracked 

OHK-2 

0.020 

40 

4,400 

Failure  at  bottom  hole.  No 

Op*n-Hol* 

0.040 

0.000 

significant  growth  at  top  hole. 

•  0.1(9  In.  Din  2.0  In. 

OMK-3 

0.030 

40 

4,400 

Slgnillcant  growth  *t  *11  thr** 

uiy*  (mini* 

**1^6  SS60** 

0.040 

0.040 

holes.  Failure  at  top  hole. 

•  Tht**-Mol** 

0.040 

30 

14,600 

Significant  growth  at  all  three 

ln*Line 

OHK-1 

0.030 

0.030 

hol*«.  Fallur*  *t  top  hoi*. 

OHK-4 

0.030 

30 

14,700 

Significant  growth  at  all  three 

0.020 

0.020 

hoi**.  Fallur*  at  top  hoi*. 

P2-37 

T  :  0.030 

38.0 

7,600 

Significant  growth  at  all 

M  :  0.040 

three  holes.  Failure  at 

B  :  0.026 

middle  hole. 

F241 

T  :  0.030 

35.0 

7,200 

Significant  cracks  growth  at 

M  :  0.030 

all  threeh  oles.  Failure  at 

B  :  0.030 

bottom  hole. 

P2-45 

T  :  0.026 

35.0 

7,100 

Crack  growth  at  all  three 

M  ;  0.030 

holes.  Failure  at  bottom 

(  .’  1 .040 

hole. 

•  Stress  Wsv* 

ixm 

0.020/0.030/0.040 

46 

60,000 

No  Failure 

Riv*t*d  ISMR) 

FI -1(11 

45 

60,000 

No  Failure 

FI -2(11 

0.020/0.030/0.040 

44.3 

67,100 

Failure  at  Middle  fastener 

*  Two  Sh**t  Lamina!*, 

PI -2d 

0.020/0.030/0.035 

36.1 

34,600 

No  Failure 

2  In.  MM*  (E«c*pt 

FI -11 

0.020/0.030/0.020 

35.8 

24,000 

No  Failure 

Mlwr*  Not*d 

FI -IS 

0.000/0.025/0.025 

35.8 

24,000 

No  Failure 

FI -21 

36.8 

24,000 

No  Failure 

•  Thr**  Unl*4*d« 

FI  4 

35.7 

33,200 

No  F  Allure 

In-Lin*  F**t*n*n 

FI -10 

36.7 

25,400 

No  Failure 

FI  4 

36.4 

24,000 

Ho  Fallur* 

•  Freer ackad  "H«*d" 

FI -17 

35.4 

24,000 

No  Failure 

Sh**t  Only 

PI -20 

35.4 

24.000 

No  Failure 

FI  4 

36.3 

24.000 

No  Failure 

FI -12 

35.3 

24,000 

No  Failure 

FI-13 

35.3 

24,000 

No  Failure 

PM  4 

35.3 

24,000 

No  Failure 

FI  -19 

35.3 

24,000 

No  Failure 

FI-18 

0.020/0.026/0.015 

35.1 

24,000 

No  Failure 

Not*:  (1)  Specimen  width  reduced  from  2.0  In.  to  1 .80  in  to  accommodate  load  control  equipment. 
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TABLE  5  SUMMARY  OF  SPECTRUM  FATIGUE  OATA  FOR  DYNAMICALLY  INSTALLED  3/16  IN.  OIA  A  286 
INTERFERENCE  FIT  FASTENERS  IN  2024  T81  ALUMINUM  (CONTI 


TyiMtpMMWn 

Spat. 

Potl  Tm 

Indttl 

Nal 

ImwUtod 

Comm  win 

No. 

Faatana*  Dta. 

Ciacfc 

limit 

Pltfbl  Hi, 

HmO  IDiTTm)  At 

L*n«6> 

T«  Pwlw* 

(tn.l 

Cu  (ml 

Mil 

• 

SWR 

P2  13 

0203 

0  208 

0  0  >6 

35  B 

26.(661 

Sitftiiluimi  giviwlb  at  «u 

0  203 

0.206 

0  080 

thitt  t«tttn*n  m  tit*! 

• 

Two  Shcat  lam  mat* 

0.102 

0.206 

0080 

Piatt  1  ailuit  al  bottom 
tantriar  No  Ct*k  m  "tail" 
pittl 

• 

OtiM  Onioadwt  In- 

P2  14 

0  202 

0.206 

0.020 

35  3 

22.800 

Growth  m  ti**r  «httt  *t  all 

tiM  Faiimn 

0  20) 

0  208 

0086 

|tu*«*  Itittttan  1  aiivnv  at 

0.202 

0.208 

0  060 

bottom  tatttnti  No  crack 
in  "tail*' Piatt 

• 

NunIiMI 

Shaft  Only 

P2-43 

0  198 

0.203 

0020 

36.0 

2B.OOO 

1  ailutt  al  tmttom  Uuen*i 

0  100 

0203 

0  06b 

No  0901  beam  viiowili  ai 

• 

tmtiat  Crack  Ltogth 

0  190 

0  203 

0.060 

othti  latliMiti  No  v'lAk 

Extandad  lo  0  060  in. 

m  Tail*’  thaai 

P244  T 

0.190 

0.204 

0065 

40  1 

22.300 

1  atlutt  at  nmkll*  Unonei 

M 

0.199 

0.204 

0.070 

No  tittnilicant  growth  at 

a 

0  198 

0206 

0076 

oihai  tattfofit. 

P2-47  T 

0  198 

0  204 

0  066 

40.1 

26.100 

1  ailot  *  at  Pot  tom  !a»t*n*i . 

M: 

0.196 

0,202 

0020 

No  utHitticam  growth  at 

B 

0  198 

0  203 

0066 

othar  tatttnti  i 

• 

SWH.  I.Om.Wtd, 

P2-4S  T 

0  196 

0206 

0  020 

35.8 

24.000 

No  lailum  No  vttiltla  ciack 

M 

0.196 

0,204 

0.030 

txttmioo 

• 

Theft  Onloadad  In 

Lina  Fiitnwi 

8 

0  196 

0.204 

0026 

6 

Smgl*  Practackad 

P249  T 

0.196 

0,206 

OOJO 

35  8 

24.000 

No  laduit  No  viuMt  ctack 

ShHt  with  Back-up 

M 

0.196 

0.206 

0  02b 

axtttuion 

W«h«, 

B 

0.196 

0.206 

0.030 

P2  80  T 

355 

24.000 

No  lailutt  No  vitiblt  ciack 

M: 

B 

txttmton 

• 

Claaranct  Fit 

HL-4  01 

0.040 

44  3 

8,100 

819ml *cant  9towth  at  all  thttt 

GBb10634  Stn( 

(P23I 

0  045 

tatttntu.  F  aiUnt  at  top 

Hilokt 

0040 

laittn* 

• 

2  Shaat  Lammatat 

HI  6  111 

0030 

44  2 

9,100 

Failuit  at  nuddlv  tatttnti 

2.0  in.  mM  U.npi 

(PM) 

0.0.15 

No  ti9oi1n‘am  gtowth  at  othai 

wharf  notadl 

0.026 

laMtntu 

• 

Thraa  Onloadad 

HL  1 

0  040 

39  8 

13.200 

$19111  beam  9»owth  at  all  thit* 

ImLina  Uttanwt 

(P24I 

0.040 

lastantu.  F  atlutt  at  ux* 

0.030 

tan  to* 

• 

Praerackfd  "Haad" 

HL  2 

0  025 

403 

12.600 

819111  ticant  wowth  at  all  thitt 

Shaft  only 

P26) 

0020 

laiitotn.  Failvnt  at  Pvmumh 

0025 

tatttnti 

ML.1 

0030 

.168 

24, XXI 

819m tK'tnt  9»owtli  at  all  tlott 

(P2-7) 

0  035 

tatttntn  l  ailuit  at  niKkilt 

0.036 

lattaoti 

HL-6 

35.2 

23,400 

F  atloit  at  nnOdlt  tatttnti  No 

(P2-12) 

0.0.10 

119011  icant  giowth  at  othti 

0  0.10 

latitntit 

• 

Claaranct  Fit 

P2  15 

T  0  025 

35  0 

8,400 

1  aiKotat  nixkllt  tatttnti 

G8610834  S,**t 

M  0.03b 

No  »i9iiitn'aot  auiwll*  at 

Hilokt,  No  ClampUP 

B  0  020 

oihai  taiitotn 

• 

Two  Shaft  Laminatta, 

P2  36 

T  0  03b 

35  0 

7.800 

Sitfoiticatit  910AO1  at  all 

2  m.  wwta 

M  0  030 

thita  (atitotu.  F  atloit  al 

• 

Thraa  Unload*!  In 

B  0  040 

Hit  Potiom  tatttnti 

Una  Fattanatt 

P2-36 

T  0028 

35  2 

8,400 

Otack  91  owih  at  all  thitt 

• 

PociKkM  ‘M«d" 

M  0  030 

taxttntit  m  ht*i  shttt  only 

Shaat  Only 

B  0  025 

Ko Un tat  Ux*  tatiaiw 

• 

Claa«anct  Fit 

P240 

T  0  030 

35  5 

34,300 

F  aiiuta  at  ux'  iattfnti  No 

GB510B34 

M  0  026 

tigniticaiit  9*ott|h  at  othti 

Staai  Hilokt 

B  0  020 

laattntn 

* 

Thraa  Unload*!  In 

P239 

T  0  035 

35  3 

32,11X1 

Ci*'k  91  owih  iHVon*t  at  all 

Lma  Ftittntii 

M  0.045 

tlutt  tanmito  FaiKutat 

B  0  0,10 

oiukllt  lattvnti 

• 

Smgla  Practackad 

P2-46 

T  0.020 

,16  6 

48 ,300 

Ci*vk*1  91  owih  olvuh*!  at  all 

Sh«l  With  Back  Up 

M  0020 

tlutt  tatttnti »  F  atloit  at 

Waihats,  2  In. 

Wtdt 

8  0.026 

lymkitt  ta*ta nti 

Not*  01  Spacimtfl  width  raductd  (tom  2.0  m.  to  1.60 
UJ6039W  2.2  _ 


n  10  accomnuxtata  load  control  tompmtnt 
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specimens  that  are  not  precracked.  These  predictions  are  made  with  cumulative  dam¬ 
age  calculations  based  on  strain-cycling.  Again*  good  correlation  is  exhibited. 

Fifteen  double  sheet  test  articles  (Fig.  11)  were  prepared  with  stress  wave 
rivets  placed  in  each  hole,  and  with  each  hole  precraeked  prior  to  the  installation 
of  the  rivets.  The  precracks  were  located  in  the  head  sheets,  and  were  through-the- 
thickness  radial  cracks  having  initial  lengths  ranging  from  0.020  to  0.01*5  in.  All 
fifteen  specimens  were  tested  to  2l*,000  equivalent  flight  hours  at  31.70  ksi  (218.3 
MPa)  gross  limit  stress,  and  no  crack  growth  was  detected.  Since  the  fasteners  were 
countersunk,  there  could  have  been  some  crack  growth  under  the  rivet  head,  but  the 
crack  length  could  not  have  exceeded  0.060  in.,  since  no  cracks  were  observed  on  the 
specimen  surface.  However,  four  of  the  specimens  were  failed  statically  after  com¬ 
pletion  of  the  fatigue  spectrum  cycling.  Examination  of  these  specimens  subsequent 
to  failure  revealed  no  measureable  crack  growth  during  the  2**, 000  equivalent  flight 
hours  of  cycling. 

An  additional  three  precracked  specimens  containing  rivets  driven  with  the  SWB 
were  tested  at  a  gross  limit  stress  of  39.30  ksi  (270.8  MPa).  Two  of  the  specimens 
achieved  60,000  hours  of  fatigue  spectrum  loads  with  no  cracks  detected  on  the  sur¬ 
face,  and  the  tests  were  terminated.  A  third  specimen  failed  at  67,100  equivalent 
flight  hours.  At  this  stress  level,  a  precracked  open  hole  configuration  would  have 
failed  at  about  3,000  hours  (see  Fig.  28),  making  the  increase  in  life  due  to  the  SWR 
installation  a  factor  of  at  least  20, 

Three  test  articles  were  prepared  with  initial  crack  sizes  of  0.070  in.  (1.78 
mm)  to  0.080  in.  (2.03  mm),  and  were  tested  under  fatigue  spectrum  loading  at  30.57 
ksi  (210.6  MPa)  gross  limit  stress.  These  specimens  were  run  to  failure.  The  crack 
length  versus  time  test  data  are  presented  in  Fig.  29.  Here  the  life  from  a  0.08o 
in.  (2.03  mm)  initial  crack  to  failure  is  between  2i*,000  and  28,000  hours.  This  is 
somewhat  reasonable,  as  the  total  stress  intensity  at  a  0.080  in.  (2,03  mm)  crack 
.length  is  about  twice  what  it  was  at  0.035  in  (0.89  mm),  and  therefore  considerably 
more  damage  will  be  done  by  the  spectrum  loads.  These  results  indicate  that  an  ini- 
tal  crack  of  0.080  in.  (2.03  ram)  or  less  could  survive  for  2l<,000  flight  hours 
at  a  gross  limit  stress  or  31.70  ksi  (218.2  MPa),  and  that  a  0.050  in.  (1.27  mm) 
initial  crack  could  survive  even  longer  with  SWRs  installed. 
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Specimens  were  tested  with  clearance  fit  Hi-Lok  fasteners,  in  order  to  show 
a  comparison  of  the  SWR  fasteners  with  a  conventional  fastener.  Test  data  at 
two  limit  stress  levels,  31.68  ksi  (218.3  MPa)  and  39*30  ksi  (270*9  MPa),  are 
presented  in  Figs.  30  and  31*  respectively.  Three  Hi-Lok  specimens  were 
tested  without  fastener  clamp-up.  The  detrimental  effect  of  lost  clamp-up 
is  illustrated  in  Fig.  30.  Clamp-up  is  not  generally  considered  to  be  a 
reliable  life  enhancement  technique  for  threaded  fasteners  of  this  size  and  type 
so  the  unclamped  values  would  likely  be  used  in  design.  However,  against 
either  the  clamped  or  unclamped  data  the  SWRs  have  an  apparent  advantage  for 
fatigue  or  damage  tolorant  design. 

All  of  the  precracked  specimen  test  data  are  shown  in  Fig.  32  in  order  to  com¬ 
pare  them  with  each  other  and  with  open  hole  fatigue  life  predictions.  The  no 
clamp-up  Hi-Lok  data  fall  between  the  crack  propagation  life  predictions  for 
initial  crack  lengths  (CQ)  of  0.05  in.  (1.27  mm)  and  0.005  in.  (0.127  mm).  The 
average  initial  crack  length  for  this  group  of  specimens  is  0.038  in.  vO.965  mm). 
Test  data  for  Hi-Lok  specimens  with  proper  clamp-up  tend  to  lie  along  the  analy¬ 
tical  curve  for  specimens  with  no  precracks.  The  SWR  specimens  with  initial 
crack  lengths  less  them  0.0U5  in.  (l.lU3  mm)  are  shown  in  the  figure, 
but  are  again  inconclusive,  as  they  are  not  tested  to  failure.  One 
exception  is  the  specimen  plotted  at  a  gross  limit  stress  of  38.80  ksi 
(267*3  MPa)  and  a  life  of  67,100  hours.  This  data  point  looks  considerably  superior 
to  both  the  Hi-Lok  and  open  hole  data.  Finally,  the  specimens  with  SWR-installed 
rivets  with  large  initial  crack  lengths  (C0  >  0,065  in.  or  0o  >  1.651  mm)  are  shown, 
and  iu  is  observed  that  they  are  equal  to  or  better  than  the  Hi-Lok  specimens  with 
initial  cracks  less  them  0.0^5  in,  (1,143  mm). 

Since  the  test  data  presented  in  Fig  32  does  not  accurately  present  the  differ¬ 
ences  between  specimens  having  large  and  small  initial  crack  lengths,  the  data  was 
replotted  using  the  product  of  the  gross  limit  stress  (S^j^)  and  the  squire  root  of 
the  initial  crack  length  times  it,  or,  SLIMyirC. ‘  The  result  is  shown  in  Fig.  33, 
where  it  is  now  observed  that  the  SWR  data  and  the  Hi-Lok  data  are  separated.  Av¬ 
erage  lines  are  drawn  through  these  groups  of  data,  and  it  is  noted  that  for  a  con¬ 
stant  initial  crack  length  and  limit  stress,  the  SWR  data  show  about  seven  times  the 
life  of  the  Hi-Lok  data.  On  this  basis,  the  SWR-installed  fasteners  are  clearly 
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Fig.  30  Spaotrum  Crack  Propagation  •*+  HI-L0K8  w  SWR,  2024-T81  Aluminum 
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superior  to  the  Hi-Loks.  Additionally,  the  SWR  data  demonstrates  about  17  times  the 

life  of  the  open  hole  and  "no  clamp-up"  Hi-Lok  data.  In  order  to  improve  the  basis 

for  the  SWR  curve  in  Fig.  33,  some  of  the  SWR  specimens  tested  to  only  24,000  hours 

should  be  tested  to  failure.  These  data  will  provide  points  at  an  Sr_w  ttc  of 
....  LIM  V  o 

about  10.0  KSi  y  in.  Extrapolation  of  the  SWR  curve  indicates  that  the  life  for 
these  specimens  should  be  about  160,000  hours. 

An  analytical  curve  based  on  an  open  hole  crack  propagation  analysis  is  also 
shown  in  Fig.  33.  The  analysis  assumes  that  the  initial  crack  length  is  0.038  in. 
(O.965  mm),  an  average  value  for  the  open  hole  specimens,  and  varies  the  limit  stress. 
The  curve  shows  good  correlation  with  the  open  hole  and  "no  clamp-up"  Hi-Lok  test 
data. 

STRESS  INTENSITY  OF  JOINTS  RIVETED  WITH  THE  STRESS  WAVE  RIVETER 

The  stress  intensity  calculated  for  the  problem  posed  here,  and  previously  de¬ 
scribed  in  Section  5,  does  not  show  agreement  with  the  streBB  intensity  derived  from 
test  data  using  the  Anderson  and  James  procedure  (Ref  10).  The  differences  could  be 
attributed  to  the  following: 

(1)  Theoretical  stress  intensity  solutions  employing  linear  superposition, 
such  as  performed  here  and  elsewhere  (Refs.  7,  14),  elastically  combine  the 
residual  stress  field  due  to  plastic  straining  (cold  working)  and  the  re¬ 
motely  applied  stress  field.  These  solutions  usually  predict  complete  crack 
arrestment  for  small  crack  length.  However,  experiments  here  and  else¬ 
where  (Refs.  10,  14)  show  crack  growth  for  small  crack  lengths,  indicating 
that  apparently  a  relaxation  of  the  residual  compressive  stress  near  the 
hole  circumference  takes  place,  permitting  crack  growth  to  occur.  In  the 
case  of  non-precracked  test  articles ,  crack  initiation  and  crack  propagation 
at  small  crack  lengths  takes  place  similarly. 

(2)  Residual  stresses  are  calculated  for  the  uncracked  configuration,  when  for 
moBt  of  the  specimens ,  the  residual  stresses  due  to  the  installation  of  the 
stress  wave  driven  rivet  are  introduced  into  the  cracked  configuration. 

The  present  effort  to  predict  stress  intensity  by  SWR-produced  residual  stresses 
and  remotely  applied  loads  is  considered  an  initial'  attempt  and  not  suitable 
for  design  use  in  its  present  form.  Further  effort  along  these  lines  will  be 
expanded  in  the  future. 
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An  investigation  into  the  effect  of  the  SWR  fasteners  on  the  allowable  stresses 
on  a  fighter  wing  lower  cover  was  made,  using  the  fatigue  spectrum  used  in  the 
present  SWR  study.  The  structure  is  assumed  to  be  the  riveted  sheet  and  stringer 
structure  shown  in  Fig.  31*,  and  is  made  of  20214-T851  aluminum.  Design  life  is 
assumed  to  be  12,000  hours,  and  a  scatter  factor  of  two  is  required.  The  allowable 
stresses  are  presented  in  Table  6  for  a  variety  of  conditions.  First,  a  static  al¬ 
lowable  limit  stress  of  37.0  ksi  (255  MPa)  (limit)  is  established.  Next,  a  fatigue 
allowable  of  28  ksi  (220  MPa)  is  determined  for  an  effective  stress  concentration 
factor  of  3.0,  i.e.,  for  an  uncracked  structure.  This  would  be  representative  of 
either  open  holes  or  a  conventional  fastener  system,  and  results  in  a  loss  of  about 
lU  percent  in  allowable  stress  and  11  percent  increase  in  structural  weight  local¬ 
ly.  Here  it  is  assumed  that  the  structural  weight  changes  by  80  percent  of  the  o.j  - 
lowable  stress  change.  Use  of  SWR  driven  fasteners  can  increase  the  fatigue  life  at 
the  fastener  holes  sufficiently  to  raise  the  allowable  stress  above  the  37.0  ksi 
static  value  (see  Fig.  32  and  consider  SWF  specimens  with  SLIM  *  39.30  ksi). 

Considering  a  damage  tolerant  design  such  as  is  currently  required  by  the  Air 
Force,  and  following  the  slow-crack-growth  structure  tenets  of  MIL-A-83UM  (Ref.  15), 
the  designer  must  assume  that  the  structure  is  initially  cracked,  and  that  critical 
holes  have  an  initial  crack  length  of  0.050  in.  (1.27  mm).  For  a  structure  thicker 
than  0.050  in.  (1.27  mm),  a  radial  circular  corner  crack  at  the  hole  circumference 
must  be  assumed.  For  open  holes  or  holes  with  conventional  fasteners,  and  plates 
thicker  than  0.17  in.  (U.32  mm),  the  allowable  stress  is  23.0  ksi  (158  MPa)  based 
on  crack  propagation  life  from  the  initial  crack  size  of  0.050  in.  (1.27  mm)  to  the 
critical  crack  size  where  failure  occurs.  If  SWR  fasteners  are  introduced,  the 
allowable  stress  will  be  increased  to  above  i*0.7  ksi  (280  MPa),  and  the  static  al¬ 
lowable  stress  will  govern  (see  Table  6). 


According  to  specification  MIL-A-83MI4 ,  the  use  of  fatigue  enhancing  fastener 
systems  such  as  cold  worked  holes,  interference  fits,  stress  wave  driven  rivets,  etc., 
requires  that  an  element  test  program  be  performed  to  demonstrate  the  increased 
structural  life.  In  addition,  the  allowable  stresses  to  be  used  for  design  must  be 
based  on  a  crack  propagation  analysis  for  a  crack  from  the  holes  in  question,  as¬ 
suming  a  conventional  fastener  system  is  installed.  However,  an  initial  crack  size 
of  0.005  in.  (0.127  mm)  is  permitted  for  this  analysis.  If  the  analytically  deter¬ 
mined  allowable  limit  stress  is  smaller  than  the  test  data  indicates,  the  analytical 
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TABLE  6  FIGHTER  WING  LOWER  COVER  ALLOWABLE  STRESSES 

2024-T851  ALUMINUM 
DESIGN  LIFE  -  12,000  FLIGHT  HOURS 


CRITERION 


Static 

Strength 


CONFIGURATION 


FASTENER 

8YSTIM 


INITIAL 

CRACK 

LENGTH 

(IN.) 


ALLOWABLE 


(Kd) 


CONVENTIONAL 


SWR 


SWR 


WEIGHT 

PENALTY 

(PERCENT) 


BASELINE 


(•> 

25.0 

0.05 

»37.0 

0.05 

23.0 

<*) 

28.0 

0.05 

»37.0 

0.26 

20.0 

0.10 

36.0 

(*)  MIL-A-83444  REQUIRES  AN  INITIAL  CRACK  OF  0.006  IN.  BE  USED  WITH  CONVENTIONAL  CRACK  PROPAGATION  ANALYSIS 
FOR  CALCULATING  DESIGN  ALLOWABLE  STRESSES. 
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number  must  nevertheless  be  used  for  design  purposes.  Therefore,  these  numbers  are 
also  presented  in  Table  6,  and  it  is  noted  that  their  allowable  stresses  are  con¬ 
siderably  lower  than  those  demonstrated  by  test  data  for  the  SWR  system .  For  ex¬ 
ample,  consider  the  case  in  Table  6  with  the  corner  crack  at  a  hole  with  SWR-driven 
rivets.  Here,  the  MIL-A-83444  required  analysis  provides  28.0  ksi  (192  MPa) 
allowable  limit  stress  for  a  plate  thickness  of  0.23  in.,  whereas  the  test  data 
generated  indicate  an  allowable  stress  greater  than  40  ksi  (275.6  MPa). 

Specification  MIL-A-834’*4  also  requires  that  cracks  in  the  structure  away  from 
holes  must  also  be  considered.  For  standard  non-destructive  inspection  (NDI)  pro¬ 
cedures,  a  semi-circular  initial  surface  crack  having  a  surface  length  of  0.25  in. 
(6.35  mm)  must  br  assured  to  be  present,  and  the  limit  allowable  stress  for  this 
crack  will  be  20.0  ksi  (137  MPa),  far  less  than  the  static  allowable  stress.  This 
stress  can  be  increased  by  reducing  the  initial  crack  length  to  0.10  in.  (2.54  mm) 
and  introducing  an  NDI  demonstration  program  to  establish  that  the  NDI  procedures  can 
find  the  smaller  cracks  with  sufficient  reliability.  This  approach  has  been  imple¬ 
mented  in  the  F-l6  program.  Using  a  0.10  inch  initial  surface  crack  length  (2Cq)  in¬ 
creases  the  allowable  stress  to  35*0  ksi  (24l  MPa),  and  this  value  will  now  govern 
the  design.  The  resulting  weight  increase  is  less  than  5#  over  a  static  design. 

The  table  shows  a  maximum  weight  penalty  of  37#  for  a  structure  with  conventional 
clearance- fit  fasteners  designed  to  damage  tolerant  criteria.  Using  a  stress 
wave  driven  rivet  fastener  system  and  following  the  procedures  of  specification 
MIL-A-83444  at  holes  and  improved  NDI  away  from  holes,  the  weight  penalty  is 
reduced  to  19.5#.  Furthermore,  by  using  a  statistical  sample  of  test  data  j 

for  the  SWR  fastener  treated  holes  having  0.05  in.  (1.27  mm)  initial  cracks 
rather  than  the  analytical  procedure  required  by  MIL-A-83444,  the  weight 
penalty  can  be  reduced  to  4.3#.  It  should  also  be  noted  that  straight  and 
tapered  shank  interference  fit  fastener  systems  in  precracked  structures  have 
not  been  included  in  the  present  program. 
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7.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  major  conclusion  of  this  study  is  that  the  installation  of  stress  wave 
driven  rivets  is  extremely  effective  in  retarding  the  propagation  of  cracks  from 
holes.  For  the  case  considered*  2024-T81  aluminum  specimens  subjected  to  typical 
fighter  wing  fatigue  spectra  and  a  typical  gross  limit  stress  (31.70  ksi  or  218.3 
MPa) ,  precracked  holes  were  shown  experimentally  to  experience  no  detectable  crack 
growth  during  2U.000  equivalent  flight  hours  of  spectrum  loading.  The  specimens 
tested  had  precracks  ranging  from  0.020  to  0.045  inches  in  length,  and  had  A-286 
steel  stress  wave  driven  rivets  installed  with  0.006  inch  (0.15  mm)  radial  displace¬ 
ment.  There  were  enough  specimens  tested  under  these  conditions  to  provide  a  valid 
statistical  sample,  indicating  that  this  result  could  be  applied  to  a  similar  design 
situation  provided  that  there  are  no  damaging  environmental  factors  present.  The 
crack  propagation  rates  were  reduced  to  the  extent  that  the  cracks  could  be  considered 
to  be  arrested. 

A  few  specimens  identical  with  the  previous  group,  were  tested  at  a  higher  gross 
limit  stress  (39.30  ksi  or  270.8  MPa),  and  here  crack  growth  retardation  from  the 
stress  wave  driven  rivets  was  sufficient  to  provide  lives  in  excess  of  60,000  equiva¬ 
lent  flight  hours.  This  was  not  a  statistical  sample  but  indicates  a  good  potential 
for  application  at  this  stress  level.  In  addition,  a  few  specimens  were  tested  at  a 
gross  limit  stress  of  31.70  ksi  (218.3  MPa)  but  with  initial  cracks  about  0.000  inches 
(1,78  mm)  in  length,  and  here  significant  crack  growth  retardation  was  also  exhibited. 
Lives  for  this  group  of  specimens  averaged  about  26,000  equivalent  flight  hours.  It 
should  be  noted  that  for  all  these  cases,  the  stress  wave  induced  radial  displacement 
was  limited  to  0.006  in  (0.15  nun).  A  higher  radial  displacement  (say  0.012  In.  or 
0.30  mm)  would  have  provided  higher  residual  stresses  and  increased  crack  growth 
retardation.  The  increase  in  radial  displacement  will  "cold  work"  the  plate  material 
to  greater  radial  distances  from  the  rivet,  providing  crack  growth  retardation  for 
longer  crack  lengths.  This  would  be  particularly  effective  for  the  case  of  long 
initial  crack  lengths. 

Results  obtained  during  the  present  program  indicate  that  significant  weight 
advantages  could  be  obtained  by  incorporation  of  the  stress  wave  riveting  system 
in  the  manufacture  of  damage  tolerant  airframe  structures.  At  the  present  time 
the  Stress  Wave  Riveter  is  not  a  fully  automated  prodxiction  unit,  but  the  system 
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could  easily  be  incorporated  in  a  Drivematic  type  riveting  machine  and  used  at 
normal  production  rates. 

Other  important  recommendations  are:  [ 

•  Partial  load  transfer  specimens  riveted  with  the  SWR,  should  be  tested 
in  addition  to  the  zero  load  transfer  specimens  evaluated  to  date. 

•  Specimens  riveted  with  the  SWR  should  also  be  tested  in  controlled 
corrosive  environments  to  establish  whether  there  is  any  degradation 
of  the  residual  stresses. 

•  Specimens  of  various  thickness  and  materials  should  be  tested  to 
establish  SWR  settings  before  automated  applications  are  made. 

•  Additional  spectrum  testing  should  be  performed  using  load 
spectra  with  higher  levels  of  compression  loading. 

•  Higher  levels  of  radial  displacement  (cold  work)  and  wider 
variations  in  hole  tolerance  should  be  investigated. 

•  The  repeatability  and  consistency  of  the  SWR  process  in  a  pro¬ 
duction  environment  should  be  examined. 
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APPENDIX  A 

EQUATIONS  OF  RESIDUAL  STRESSES 

The  residual  radial  and  hoop  stresses  and  strains  around  an  SWR-riveted  fas¬ 
tener  are  given  by  the  following  equations  (Ref  3). 


2K  In  ip  -  r-f-  -£-5-F(t) 
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°y 

K  =  ^  uniaxial  yield  strength 

F(t)  *  radial  displacement  (extent  of  cold  work) 

R1  =y/r'|--  «-%-»  F(t) 

R  =  radius  of  hole  before  riveting 

1  +  \ix  Eg 

C  a  j  ~  . -g — where  subscript  1  refers  to  the  material  surrounding  the 
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rivet  and  subscript  2  refers  to  the  material  of  the  rivet 


B  =  reference  radius  such  that  B  »R,  or  riveting  of  joints  equal  to  the  edge 
distance 

Rq  *  radius  (variable)  such  that  R  <  RQ  <  B 
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The  above  equations  do  not  include  secondary  yielding.  Reference  3,  hov- 
,  gives  the  complete  derivation. 
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